The Dmrt (doublesex and mab-3 related transcription factor) genes encode a large family of evolutionarily conserved transcription factors whose function in sexual development has been well studied. In vertebrates, some Dmrt genes also function in nongonadal tissues.
INTRODUCTION
Cranial placodes are transient thickening of the embryonic ectoderm that give rise to various sensory ganglia and contribute to the pituitary gland and paired sense organs of the head of vertebrate embryos. Despite their different developmental fates, all placodes derive from a common panplacodal primordium around the anterior neural plate, the preplacodal ectoderm. The olfactory placodes develop posterior to the adenohypopyseal placode that appears at the midline of the anterior neural ridge. The inductive events that lead to olfactory placode development remain unclear. It is believed to be a step-wise process that begins with the specification of the preplacodal ectoderm, a step that requires modulation of the BMP signaling pathway, repression of the lens ground state cell fate and induction of olfactory placode identity, processes in which Fgfs play an important role (Schlosser, 2006; Streit, 2008; Schlosser, 2010; Park et al., 2010) .
A number of transcription factors have been identified that are expressed at different times and in overlapping patterns during the course of olfactory placode specification and that are required for their development. These factors include Otx2, expressed from the end of gastrulation in all germ layers in a broad anterior domain that includes in the ectoderm the prospective adenohypophyseal, olfactory and lens placodes and the adjacent anterior neural plate (Matsuo et al., 1995; Gammill et al., 2001) . Proneural genes such as Ngnr1, Ebf2 and ATH5 are expressed in neurogenic placodes and absent from the regions of the prospective non neurogenic adenohypophysis and lens placodes (Wang et al., 1997; Wang et al., 2004 ; Nieber et al, 2009 ; Green and Vetter, 2011) . Several Notch ligands are also expressed in the anterior neural plate border including the olfactory placodes but little is known today about their function in the developing olfactory epithelium (Chitnis et al., 1995 ; Peres et al., 2006 ; Schwarting et al., 2007) .
The Dmrt (doublesex and mab-3 related transcription factor) genes encode a large family of evolutionarily conserved transcription factors sharing an unusual zinc finger DNAbinding motif known as the DM domain. Dmrt genes are well known for their function in sex determination and sexual dimorphism in invertebrates (Hong et al., 2007; Ross et al., 2005; Kimura et al., 2008) . In vertebrates, most Dmrt genes are expressed in the developing gonads.
Like doublesex and mab-3, vertebrate Dmrt1 has been shown to play a critical role in mammalian male sex differentiation (Raymond et al., 1998 ; Matson et al., 2010) . However, several of them are also expressed and function in nongonadal tissues. For example, the zebrafish gene terra and its mouse homolog Dmrt2 are expressed in the presomitic mesoderm and newly formed somites and play an essential role in somitogenesis (Seo et al., 2005; . Dmrt3 in chicken and mouse embryos is expressed in the forebrain, spinal cord and nasal placode (Meng et al., 1999; Smith et al., 2002) . Dmrt4 in Xenopus is expressed in the developing telencephalon and olfactory epithelium and functions as an upstream regulator of proneural genes in the molecular cascade leading to neuronal differentiation in the olfactory system (Huang et al., 2005) . Dmrt5 is expressed in the developing mouse prosencephalon and in the ventral-medial mesencephalic neuroepithelium. In neuralized embryonic stem cells, Dmrt5 promotes midbrain dopaminergic identity suggesting that it plays an important role in vivo in midbrain ventral progenitor fate (Gennet et al., 2011) . In the simple chordate Ciona, Dmrt1, the probable ortholog of vertebrate Dmrt4 and Dmrt5, has been shown to be essential for the development of anterior neural plate derivatives (Tresser et al., 2010) suggesting that vertebrate Dmrt3-5 genes may play a similar role in vertebrates.
Here we have initiated the characterization of Dmrt5 in the frog Xenopus laevis to approach its function during development. We describe its expression during early embryogenesis, analyse regulatory inputs that control its expression in the ectoderm and the consequences of its knockdown and overexpression on the development of the olfactory epithelium. The data reveal that Dmrt5 is an important upstream regulator in the cascade leading to neuronal differentiation and suggest redundant roles for Dmrt5 and Dmrt4 during olfactory system development.
MATERIAL AND METHODS

Isolation of Dmrt5 cDNA and plasmid constructions
The full length Dmrt5 cDNA clone was isolated by screening a Xenopus laevis tadpole head cDNA Library constructed in ZAP II (Hemmati-Brivanlou et al., 1991) using as a probe a PCR generated 580 bp fragment corresponding to the 5' end of EST CF290698. DNA sequence alignements and phylogenetic trees were obtained using the Clustal method and the MegAlign (DNAStar, Inc) sofware program. Gene synteny analysis was performed using Metazome (http://www.metazome.net). The ORF of the Xenopus and mouse Dmrt5 cDNA (accession number DQ329358) were subcloned by PCR into the pCS2+ Myc plasmid. The Xenopus Dmrt5C mutant in which the C-terminal domain was deleted at amino acid 146 and the Xenopus Dmrt5DM mutant in which the N-terminal part was deleted until amino acid 139 were generated by PCR and subcloned into the pCS2+ Myc. All constructs were sequenced and the corresponding proteins monitored by overexpression in animal caps and western blot analysis.
Cell culture, transfection and immunolocalization
Cos-7 cells were grown in Dubelcco's modified Eagle's Medium (Gibco-BRL) containing 10% fetal bovine serum (Gibco-BRL), penicillin (50 U/ml), streptomycin (50 mg/ml) and L-glutamine (2 mM) on coverslips and transfected using FUGENE-6 reagent (Roche) according to the manufacturer's instructions. 2µg of DNA were transfected in 2 x 10 5 cells with 6µl FUGENE-6. Cells were fixed 24h or 48h after transfection in MEMFA for 15 min, washed two times in PBS and permeabilized in PBS, Triton X-100 0.5% for 10 min. min at 4°C. After two washes in PBS, cells were incubated in PBS plus 2% goat serum for 30 min. at RT. The coverslips were incubated with the primary antibody diluted in the former solution for 1h at RT (anti-Myc,1/500, Sigma) The samples were then washed three times with PBS plus 2% goat serum, and incubated for 1 h in with the secondary antibody (Alexa Fluor 488 goat anti-Mouse IgG, Invitrogen). The samples were then washed three times in PBS and incubated 2-3 min in PBS plus Hoechst 0,0005% before mounting.
EMSA
Double strand probes identical to the A, E and F probes (Yi and Zarkower, 1999) were radiolabeled with -32 PdATP by filling in with Klenow fragment. Myc tagged Dmrt5 cloned into the CS2+ vector was synthesized by coupled in vivo translation/transcription using Sp6 polymerase and a TNT kit (Promega). EMSA was performed with proteins incubated with 0,5 10 5 cpm of probe (corresponding to about 0,1 ng DNA) in 20 l of binding buffer as described (Pichon et al., 2004) . For supershifts, 1 l of Myc antibody (Sigma) was added to the binding buffer. Samples were loaded on 4% acrylamide gels and run in 0,5X TBE. Dried gels were exposed to X-ray films overnight at -80°C in the presence of an intensifying screen.
Embryo culture, micro-injections and animal cap dissections
Xenopus embryos were obtained from adult frogs by hormone induced egg-laying and in vitro fertilization using standard methods (Sive et al., 2000) and staged according to Nieuwkoop and Faber (1967) . Synthetic mRNAs were made using Sp6 mMESSAGE mMACHINE. (Ambion). MT-xDmrt5, MT-mDmrt5, MT-Dmrt5C and MT-Dmrt5DM were linearized with NotI and transcribed with Sp6. Templates described previously include: Ngnr1 , Noggin (Smith and Harland, 1992) , EBF2 and EBF3 (Green and Vetter, 2011) , Ath5 (Burns and Vetter, 2002) , MT-xDmrt4 (Huang et al., 2005) ; MT-Otx2-hGR (Gammill and Sive, 2001 ) and hGR-Su(H)Ank-MT (Wettstein and al., 1997) . The Dmrt5 antisense morpholino (5'-ACC ATT CAG CTC CAT TGT ACA GTT G-3') and control morpholino oligonucleotides were obtained from Genetools. Dmrt4 MO was as previously described (Huang and al., 2005) . For in situ analysis, embryos were injected in one cell of two-cell stage embryos, and fixed at neurula, tailbud or early tadpole stage. In all experiments, embryos were coinjected with -gal mRNA (100 pg/blastomere) to reveal the manipulated side. For animal cap assays, synthesized mRNA was microinjected into the animal region of each blastomere of 4-cell-stage embryos. Animal caps were dissected at blastula stage (st.9) and cultured until neurula stage (st.15) for RT-qPCR. Induction of GR constructs was performed by addition of dexamethasone (Dex) around stage 12-13 (10 µM) (Sigma).
RT-PCR and whole-mount in situ hybridization
Total RNA (Quiagen) was extracted using the RNeasy mini kit (Quiagen) or the RNAspin Mini RNA isolation kit (GE Healthcare). All samples were tested for DNA contamination by 30 cycles of PCR amplification using histone H4 primers. cDNA was Whole-mount in situ hybridization analysis was performed as described using digoxigenin-or fluorescein labeled antisense probes (Sive et al., 2000; Bellefroid et al., 1996) generated as indicated: pCMVSport6 Dmrt5 (EST CF290698, SalI/T7), pCMVSport6 Dmrt4
(EST BQ733893, SalI, T7), pbSK(-) Sox2 (EST AF022928, EcoR1, T7). The antisense Aml riboprobe was generated from a cDNA fragment encompassing the entire ORF obtained by RT-PCR and subcloned into pZero-2 (Invitrogen) (EcoRI, T7). The following constructs were previously described: Dlx6 (Luo et al., 2001) , BF-1 (Bourguignon et al., 1998) , Nkx2.1 (Small et al., 2000) , Slug (Mayor et al., 1995) , Hes2 (Sölter et al., 2006 ), FoxE1 (El-Hodiri et al., 2005 , FoxE3 (Kenyon et al., 1999) , Delta1 (Chitnis et al., 1995) , Otx2 (Pannese et al., 1995) , Ebf2 and Ebf3 (Green and Vetter, 2011) , Neurogenin , Ep.K (Jonas et al., 1985) . For sections, embryos after completion of the whole-mount procedure were gelatineembedded and vibratome-sectioned at 30 m thickness.
Cell proliferation and TUNEL assays
Whole-mount TUNEL was performed as previously described (Hensey and Gautier, 1998; Yeo and Gautier, 2003) using to reveal the incorporated digoxygenin-dUTP an antidigoxygenin antibody coupled to alkaline phosphatase (Roche, 1/2000) .
RESULTS
Identification of Xenopus laevis Dmrt5
In a microarray screen comparing the transcriptome of wild-type and Mdm4 mutant brains, which display a high level of apoptosis and a severe deficit in neurogenesis (Martoriati et al., 2005) , we identified Dmrt5 as a potential novel transcriptional factor involved in anterior neural tissue development. To approach its function during embryogenesis, we decided to identify and characterize the orthologous gene in the amphibian Xenopus laevis due to the advantages it offers for studying early vertebrate development. Through a BLAST search of the Xenopus laevis EST databases, we identified three overlapping partial cDNA clones (accession numbers BJ081978, CF290698 and BG 730357) encoding a protein with 48,2 % identity over the common region to mouse Dmrt5 (data not shown). By screening with a 580 bp fragment corresponding to the 5' end of cDNA CF290698 a tadpole head cDNA library (a gift from A. Hemmati-Brivanlou), we isolated a 2.5 kb full length cDNA clone (accession number DQ329358). The sequence obtained encodes a predicted protein of 437 amino acids that clusters into the DMRTA subfamily (Dmrt3, Dmrt4 and Dmrt5) (Suppl. Fig.   S1 ) and is most closeley related to Dmrt5 of all vertebrate species (66% identity with human, rat and mouse, 67% with medaka, 70% with zebrafish and 92% with Xenopus tropicalis) ( To determine the subcellular localization of Xenopus laevis Dmrt5, we constructed a plasmid encoding a 6X Myc-tagged version of the protein, transfected it in COS cells and found that the protein is exclusively detected in the nucleus (Fig. 1B) . To determine whether
Xenopus laevis Dmrt5 exhihits a similar DNA binding specificity to the other Dmrt proteins,
we performed electromobility shift (EMSA) assays using an oligonucleotide that contains Mab3 and Dsx binding sites (Yi and Zarkower, 1999) and the Myc tagged Dmrt5 protein. 
Temporal and spatial expression of Dmrt5 during Xenopus early embryogenesis
Semi-quantitative RT-PCR was first used to investigate the temporal expression patterns of Dmrt5 during early Xenopus embryogenesis and to compare it to that of Dmrt4. As shown in Fig. 2A , Dmrt5 was detected maternally and zygotically while Dmrt4 was only detected zygotically. Zygotic Dmrt5 transcripts, like those of Dmrt4, increase during neurula stages and decrease slightly during the following stages.
In whole-mount in situ hybridization, Dmrt5 transcripts are first detected at early neurula stage (stage 12.5) throughout the anterior portion of the neural plate (Fig. 2B ). No expression of Dmrt4 could be detected at that stage (data not shown). Double in situ hybridization with the ventral forebrain marker Nkx2.1 (Small et al., 2000) indicates that
Dmrt5 expression does not overlap with Nkx2.1 (Fig. 2C ). During later neurula stages, as for Dmrt4, strong Dmrt5 expression was detected in two bilateral patches of cells at the anterior neural plate border. Double in situ hybridization using Dmrt5 and Dlx6, highly expressed in the anterior neural fold in the entire preplacodal ectoderm (Luo et al., 2001; Schlosser et al., 2006) and single in situ of Dmrt4 and Dmrt5 shows that Dmrt5 is expressed in a subdomain of the preplacodal region and that its expression in the panplacodal primordium is more restricted than that of Dmrt4, which covers at early stages the adenohypophysis, olfactory and lens placodes (Schlosser et al. 2006) (Fig. 2 D-H ). Single and double in situ hybridization experiments using Dmrt5 and Bf1, a dorsal telencephalic marker (Bourguignon et al., 1998) show that, in contrast to Dmrt4, Dmrt5 expression extends into the adjacent neural plate ( (Brugmann et al., 2004) . These results indicate that Dmrt5, as Dmrt4, is positively regulated by attenuation of Bmp signaling.
Several HLH transcription factors are sequentially expressed within the olfactory placode during development. In Xenopus, the first HLH gene to be expressed in the presumptive olfactory placode is Ngnr1, followed by Ebf2, Ebf3 and Ath5 factors (Burns et al., 2002) . Overexpression studies in Xenopus have shown that those HLH factors can promote neurogenesis Burns et al., 2002 ; Green and Vetter, 2011 (96%, n = 26 for Ngnr1 ; 84%, n = 51 for Ebf2 ; 78%, n = 40 for Ebf3 and 72%, n = 18 for Ath5) and of Dmrt4 (93%, n = 15 for Ngnr1 ; 54%, n = 28 for Ebf2 ; 58%, n = 19 for Ebf3 and 74%, n = 23 for Ath5) expression on the injected side (Fig. 3B) . As previously reported, the pan-neuronal marker N-tubulin was in contrast upregulated in those Ngnr1, Ebf2, Ebf3 or Ath5 injected embryos (data not shown). Thus, as Dmrt4, Dmrt5 is induced by attenuation of BMPs and is downregulated by proneural factors.
Otx2 and Notch activate Dmrt5 and Dmrt4 in the ectoderm
The homeobox gene Otx2 is a head field selector that is required in the ectoderm for anterior neural determination. It is expressed in the anterior ectoderm including the olfactory placodes and thus coexpressed with Dmrt5 and Dmrt4 (Fig. 4A,C) . Its overexpression in embryos activates cement gland and anterior neural genes and prevents expression of posterior genes in whole embryos (Gammill and Sive, 2001 (Kenyon et al., 1999) . We observed that Otx2 overexpression causes at both stages moderate ectopic expression of Dmrt5 and Dmrt4 in the epidermis (75%, n = 57 for Dmrt5 and 41%, n = 37 for Dmrt4) (Fig. 4D,G) . No induction of Hes2 (none, n = 56) and FoxE1 (none, n = 27) was observed. As previously reported (Ogino et al., 2008) , FoxE3 was also unchanged (0%, n = 39) ( Fig. 4J and data not shown). Thus, Otx2 contributes to the activation of Dmrt5 and Dmrt4 in the ectoderm.
The Notch ligands Delta1 and Delta2 are also expressed during neurulation in the anterior part of the embryo (Fig. 4B ). Both genes are detected in a ring surrounding the neural plate, with the highest expression in the region of the olfactory placodes (Chitnis et al., 1995; Bourguignon et al., 1998; Peres and Durston, 2006 (Fig. 4E,H) . Su(H)Ank overexpression had also no significant effect on Hes2 and FoxE1 (all unaffected, n = 44 for Hes2 and 23 for FoxE1). As previously reported (Ogino et al., 2008) , FoxE3 was also unchanged (all unaffected, n = 24) ( Fig. 4K and data not shown).
These results indicate that Notch plays a role in Dmrt5 activation in the ectoderm.
Otx2 has been shown to act in concert with Notch signaling to specify the lens-field (Ogino et al., 2008) . To determine whether this combination is also involved in controling (Fig. 4F,I ). Hes2 and FoxE1 were in contrast not activated by the combination of Otx2 and Notch signaling in embryos (none induced, n = 58 for Hes2 and 32 for FoxE1) (data not shown). As previously reported (Ogino et al., 2008) , ectopic FoxE3 staining could also be detected in response to Otx2 and Notch signaling (28%, n = 40) (Fig. 4L) . Similar results were obtained in animal cap explants cultured until stage 25 and analysed by RTqPCR. In this assay, Dmrt4 was slighlty induced by Su(H)Ank, as Dmrt5 (Fig. 4M) .
Upregulation of Dmrt5 and Dmrt4 expression was also detected in animal caps derived from embryos overexpressing both Otx2 and Su(H)Ank that were induced with Dex in the presence of a protein synthesis inhibitor, cycloheximide, suggesting a direct effect of hGR-Otx2, hGRSu(H)Ank or both factors on Dmrt5 and Dmrt4 (Fig. 4N) . Thus, both Otx2 and Notch play a role in Dmrt5 and Dmrt4 activation and their combined activity is sufficient to drive strong ectopic expression in the ectoderm.
Dmrt5 is required for olfactory placode neurogenesis
To determine whether Dmrt5 is required for olfactory placode development, we used a morpholino antisense oligonucleotide designed to intefere with Dmrt5 translation (Dmrt5-MO). The inhibitory efficiency of the Dmrt5-MO was tested in vivo by coinjection of the Dmrt5-MO with mRNA encoding a Dmrt5-eGFP fusion construct carrying the targeted sequences. Coinjection of the Dmrt5-MO inhibited the expression of the Dmrt5-reporter, but not that of a control eGFP reporter that does not contain the morpholino recognition motif (Fig. 5A ). Embryos were injected unilaterally at the two to four cell-stage at the animal pole with 10-20 ng of Dmrt5-MO and analysed at tailbud to tadpole stages by in situ hybridization for the expression of the Ebf2 olfactory placode marker. In Dmrt5-MO injected embryos, expression of Ebf2 was reduced (70%, reduced, n = 43) as previously reported in Dmrt4 morphants (Huang et al., 2005) (Fig. 5B,C) . Injection of the Dmrt5-MO also inhibited other olfactory markers such as Aml, Emx2 and Ebf3 (79% reduced, n = 29 for Aml ; 64% reduced, n = 28 for Emx2 ; 71% reduced, n = 17 for Ebf3) (Fig. 5D-F) . By contrast, expression of FoxE1 expressed in the developing pituitary was unperturbed in Dmrt5 morphants (none affected, n = 23), as was the expression of Sox2 (none affected, n = 21), and Ep Keratin (none affected, n = 13), (Fig. 5G-H and data not shown). Injection at the same dose of a control morpholino had no such effect on the expression of Ebf2, Aml and Ebf3 (12% reduced, n = 25 for Ebf2; 8% reduced, n = 12 for Aml ; 8% reduced, n = 13 for Ebf3) (Fig. 5I and data not shown). As Ebf2 is expanded within the developing olfactory placode in Ath5 mRNA injected embryos (Burns and Vetter, 2002) , we also asked whether Dmrt5 is required for the ability of Ath5 to expand Ebf2. Fig. 5J ,K shows that while Ebf2 is expanded in Ath5 overexpressing embryos, it is downregulated in Ath5 overexpressing Dmrt5 depleted embryos. Attempts to rescue the Dmrt5 MO phenotype in embryos were unsuccessful, most probably because Dmrt5 overexpression in the conditions used (250-500 pg mRNA per blastomere) affects embryo survival. Indeed, massive dose dependent apoptosis was detected in Dmrt5 overexpressing embryos as revealed by TUNEL analysis (Suppl. Fig. S2A ). Strong apoptosis was also detected in embryos overexpressing Dmrt4 (Huang et al., 2005) or mouse Dmrt5 (37% of embryos, n = 65 for Dmrt4 and 77%, n = 30 for mouse Dmrt5) (Suppl. Fig. S2B,C) and in embryos overexpressing a truncated version of Dmrt5 lacking the C-terminal region (Dmrt5C) (65%, n = 43) (Suppl. Fig. S2D ). In contrast, in embryos overexpressing a deletion mutant lacking the N-terminal part, including the DM DNA-binding domain (Dmrt5DM), we did not detect an increase in the frequency of apoptotic cells (96% unaffected, n = 113) suggesting that it induces apoptosis through its transcriptional regulatory function (Suppl. Fig. S2E ).
To further assess the role of Dmrt5 in olfactory placode development, we analysed the effects of its depletion on Noggin-mediated neuralization in animal cap explants. Animal caps were collected at stage 14 and analysed by RT-qPCR for the expression of Ngnr1, Ebf2 and Sox2. As expected, Sox2, Ngnr1 and Ebf2 were induced in Noggin injected explants.
Coinjection of the Dmrt5-MO decreased the upregulation of Ngnr1 and Ebf2 while induction of Sox2 remained unchanged. To try to rescue the phenotype without inducing a high level of apoptosis, we coinjected the Dmrt5-MO with a low dose of Myc-Dmrt5 mRNA or mDmrt5 mRNA (50 pg/blastomere). Under these conditions, coinjection of Myc-Dmrt5 mRNA or mDmrt5 was able to rescue the phenotype (Fig. 5L ).
To determine whether Dmrt5 and Dmrt4 have redundant function on neurogenesis, we tested in animal caps whether Noggin mediated induction of Ngnr1 and Ebf2 that is affected by the depletion of Dmrt5 can be rescued by Dmrt4 overexpression and, conversely, whether the inhibition of these genes in the context of Dmrt4 depleted explants (Huang et al., 2005) can be rescued by Dmrt5. Fig. 5M shows that the induction of Ngnr1 and Ebf2 in the absence of Dmrt4 can be rescued by overexpression of Dmrt5 and vice versa. Altogether, these results indicate that Dmrt5 is required for Ngnr1 and Ebf2 expression and that Dmrt5 and Dmrt4 have redundant roles in olfactory placode neurogenesis. The observation that Dmrt5 overexpression induces massive apoptosis also suggests that a tight control of its expression is required during early development.
Dmrt5 promotes neurogenesis in animal caps
As Dmrt5 overexpression is able to rescue its depletion in neuralized caps (Fig. 5L) 
DISCUSSION
The results presented here strongly suggest that Dmrt5 plays an important role in neurogenesis during olfactory placode development. We showed that Dmrt5 is initially coexpressed with Dmrt4 in the anterior neural ridge in regions that segregate into olfactory placodes and dorsal telencephalon and that, in contrast to Dmrt4, it is also later detected in the ventral mesodiencephalon. Homologs of Dmrt5 have been identified in Platifish, mouse, and zebrafish (Veith et al., 2006; Yoshizawa et al., 2011; Gennet et al., 2011) . In all three species, Dmrt5/Dmrta2 is detected, like in the frog, in the developing olfactory system, forebrain and ventral mesodiencephalon. Homologs of Dmrt4 have been identified in medaka and mouse. In medaka, as in Xenopus, Dmrt4 is expressed in the olfactory placodes and the dorsal telencephalon (Winkler et al., 2004) . In the mouse Dmrta1/Dmrt4 is expressed in the developing brain (Kim et al., 2003) but its spatial expression has not been investigated. The closely related Dmrt3 gene is also detected in the olfactory placodes and dorsal forebrain in zebrafish, mouse and chick. It is also transcribed in spinal cord dorsal interneurons in those species and in the presomitic mesoderm in chicken (Smith et al., 2002; Winkler et al., 2004; Li et al., 2008) . Xenopus laevis Dmrt3 has not been identified. We found Dmrt3 however in
Xenopus tropicalis but could not detect its expression by in situ hybridization during early embryogenesis (data not shown). Thus, Dmrt3-5 genes have highly overlapping expression patterns and are coexpressed in the olfactory placodes. Among them, Dmrt5 expression pattern appears the most conserved in vertebrates.
Little is known about the inductive events that initiate olfactory development. In addition to the attenuation of Bmps known to be required for preplacodal ectoderm formation (Brugmann et al., 2004; Glavic et al., 2004) , we found that Otx2 and Notch signaling positively regulate the expression of Dmrt5 in the ectoderm. Consistent with this idea, Otx2 is expressed in the mouse as in Xenopus in a broad anterior domain of the embryo that includes in the ectoderm the prospective olfactory placodes (Simeone et al., 1993; Pannese et al., 1995) and blocking Otx2 function in early embryogenesis results in lack of many head structures including the olfactory placodes (Acampora et al., 1995; Matsuo et al., 1995; Gammil and Sive, 2001) . Consistent with our data, Dmrt5 (identified as EST-34) has been also found induced in an oligonucleotide-based microarray screen performed in animal caps as a target of the endodermal Sox17 transcription factor, a known inducer of Otx2 (Dickinson et al., 2006) . Several members of the Notch pathway are expressed in the mouse olfactory sensory epithelium (Schwarting et al., 2007 ) and a recent study has shown that Notch activity is required for the maintenance of the proliferative pools of progenitor cells within the olfactory epithelium (Maier et al., 2010) . However, the role of Notch signaling in mouse olfactory placode induction remains unknown.
Otx2-Notch interactions have been shown previously to be important in lens determination program (Ogino et al., 2008) . Interestingly, we found that the combined overexpression of Otx2 and activation of Notch induces widespread Dmrt5 and Dmrt4 expression in the ectoderm, stronger than that observed in embryos overexpressing Otx2 or Su(H)Ank alone, suggesting that this combination may be also used in olfactory placode induction. Further analysis will be needed to determine whether these factors are required in the frog for Dmrt4 and Dmrt5 activation and whether they input directly on Dmrt5 cisregulatory elements. Whether this combination is sufficient to activate later olfactory placode markers remains also to be determined.
Early cell death occurs after neural induction within the neurectoderm and has been shown to be dependent on neurogenesis (Yeo et al., 2005) . We found that overexpression of Dmrt5 and Dmrt4 induces rapid apoptosis in the embryo. In zebrafish, Dmrt2/terra overexpression also induces apoptosis. Whether apoptosis induced by high level of Dmrt5 expression has no relevance in normal physiological conditions or whether it reflects a role in neurogenesis in the control of cell cyle or proliferation of neural precursors requires further investigation.
The olfactory neuronal transcription factor Olf2/Ebf2 plays an important role in neurogenesis during CNS and olfactory placode development downstream of Ngnr1 (Dubois et al., 1998; Wang et al., 2003) . Dmrt4 is thought to function upstream of these factors in the molecular cascade leading to neuronal differentiation (Huang et al., 2005) . In accordance, we found that Dmrt4 is not activated by Ngn1, Ebf2 and Ebf3. The observations that i) Ngn1, were normalized to GAPH. In A and B, expression levels were compared to the level observed in Noggin injected caps, which was set to 1. In C, expression levels were compared to the level observed in non injected caps, which was set to 1.
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